The qualitative and quantitative measurements of protein abundance and modification states are essential in understanding their functions in diverse cellular processes. Typical western blotting, though sensitive, is prone to produce substantial errors and is not readily adapted to high-throughput technologies. Multistrip western blotting is a modified immunoblotting procedure based on simultaneous electrophoretic transfer of proteins from multiple strips of polyacrylamide gels to a single membrane sheet. In comparison with the conventional technique, Multistrip western blotting increases the data output per single blotting cycle up to tenfold, allows concurrent monitoring of up to nine different proteins from the same loading of the sample, and substantially improves the data accuracy by reducing immunoblotting-derived signal errors. This approach enables statistically reliable comparison of different or repeated sets of data, and therefore is beneficial to apply in biomedical diagnostics, systems biology, and cell signaling research.
in vivo is usually compared to the response obtained under one or more perturbations (e.g., pharmacological inhibitors, exposure to physiochemical stresses or the down-or up-regulation of protein expression, etc). In addition, the variations in the concentration of a ligand and stimulation time provide deeper insight into the spatiotemporal functioning of a specific cell signaling pathway (9) . Apparently, these tasks require the generation of large amounts of high-quality data points.
Western blotting used for the immunodetection of the expression levels and/or the modification status of electrophoretically resolved proteins, is a sensitive and widespread technique, which however has several drawbacks (1, 10) . It is low-throughput, time-consuming, and sample layout-unfriendly multistep procedure. Each step (sampling, loading, electrophoretical separation and transfer of proteins, immunoblotting, and signal detection) is performed under slightly differing conditions in sequential blotting cycles. This eventually increases data variability, which makes difficult to quantitatively compare the signals obtained from different series of samples (11) . Therefore, the improvements of typical western blotting procedure are in great request (12) (13) (14) (15) (16) (17) (18) .
Multistrip western blotting is a modified immunoblotting procedure based on simultaneous electrophoretic transfer of proteins from multiple strips of polyacrylamide gels to a single membrane sheet. The proposed modification has several advantages over a classic western blotting procedure (19) . First, the transfer and the sequential procedures with the blot such as membrane washing, incubation with antibodies, and protein detection are performed under similar conditions. This significantly improves the data accuracy by reducing immunoblotting-derived signal errors. Second, instead of detection of a single protein, many additional proteins of interest that differ in their molecular weight (e.g., ErbB family, GAB1/2, Raf, Shc, ERK1/2, GAPDH, and Grb2) can be synchronously detected in the same sample per blotting cycle. Such approach also eliminates the need of stripping and reprobing blots for the detection of house-keeping proteins such as actin, tubulin, GAPDH, etc. The analytical power of western blotting is increased, because one-step analysis of numerous signaling proteins is more productive, saves time as well as costly materials. Third, when the number of samples to be analyzed exceeds the number of wells in a gel, the comparative quantitative protein analysis can be readily achieved by applying Multistrip western blotting technique, which increases the data output per single blotting cycle up to tenfold. As a consequence, a large number of data points can be integrated and analyzed on the same graph.
Although the protocol presented here is developed for NuPAGE 4-12% gradient Bis-Tris 10-well mini-gels using the XCell devices (Invitrogen), Multistrip western blotting has wide potential for further uses since it does not require any additional tools and is compatible with any conventional gel electrophoresis as well as protein transfer systems. These instructions assume the use of XCell SureLock Mini-Cell apparatus for SDS-PAGE of 10-well mini-gels ( see Note 3 ). The number of gels to be loaded depends on the number of data series and the number of samples within each series to be analyzed. For example, when the time-course (e.g., 0, 1, 3, 5, 7, 10, 20, 30, and 60 min) of protein X activation in control cells (A) is compared to that in the presence of first perturbation (e.g., inhibitor of protein X) (B) and the second perturbation (e.g., the suppression of protein Y by siRNA) (C), one will have to load three data series (A, B, and C) consisting of nine time-points each (A1, A2,…, A9, etc.) into three gels. There are two alternative ways of loading such array of samples ( Fig. 1 ). 1. The upper chamber is filled with 200 mL of running buffer to completely cover the sample wells of a gel. 600 mL of running buffer is poured into the lower chamber. 4. Lock the gel tension lever. The electrophoresis unit is then completely assembled by adding the lid on the buffer core, and connected to a power supply. The proteins are electrophoretically separated at 140 V, until the blue dye front
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reaches the bottom of a gel. If running more than two gels, make an interval of 5 min before loading the next tandem of gels and powering on the electrophoresis unit. This will reserve enough time for follow-up steps.
5. At the end of gel run, a gel cassette is removed out of apparatus and gently opened with a gel knife. Note that upon opening the cassette, the gel can be adhered on either side. If the gel remains on a notched side, the sequence of sampling should be rewritten in the laboratory notebook in a reversed order. Discard the plate of gel cassette without the gel.
6. Perform steps 1-5 with gel cassettes from other electrophoresis units.
1. Figure 2 illustrates the plate with attached gel after protein separation according to their molecular weight by SDS-PAGE. The prestained marker is visibly separated into the bands corresponding to protein molecular weights of 250, 150, 100, 75, 50, 37, 25, 20, 15, and 10 kDa ( Fig. 2 , M ).
2. A millimeter-scaled transparent ruler is firmly positioned near the edge lane with separated marker so that zero (0 cm) aligns with the middle of the blue dye front ( Fig. 2 , BDF ) . The distance from the blue dye front to the center of each marker band ( Fig. 2 , H ) is measured in millimeters and registered in a table ( see Note 6 ). 3. The distance between two electrophoretically separated marker bands corresponds to the migration range of certain molecular weight proteins. For instance, the distance between H 250 and H 150 defines a migration range of electrophoretically separated proteins with molecular sizes between 150 and 250 kDa. This range is termed zone (1) in Fig. 2 . Each sample provides up to nine protein-containing zones that may be simultaneously cut out from a single gel.
Gel Cutting
4.
A regular gel knife is used to cut out the strip, which covers an area with a protein of interest located in the middle, from the gel across its entire width ( Fig. 2 , scissors symbol ) .
5. The number of strips to be cut out from the gel depends on the number of distinct proteins to be detected. Most frequently studied signal transduction proteins migrating in various zones are listed in Table 1 , which also indicates the appropriate areas that can be cut out of the gel in order to detect these proteins later. For example, it is convenient to separate the activated EGF receptor (165 kDa, zone (1)), from the phosphorylated PLD1 (116 kDa) and the phosphorylated 90 kDa ribosomal S6 kinase (RSK) that migrate in the zones (2) and (3), respectively. Then it is easy to separate the phosphorylated Akt (60 kDa), which is found in the zone (4), from both the activated ERK1 (44 kDa) and ERK2 (42 kDa) kinases that co-migrate in the zone (5), and from the phosphorylated S6 Ribosomal Protein (32 kDa, zone (6)). In this case, according to the Table 1 , the gel is cut into six strips at 12 mm and 22 mm (for phospho-S6 Ribosomal Protein), at 29 mm (for ERK1/2), at 38 mm (for phospho-Akt), at 44 mm (for phospho-RSK), at 49 mm (for phospho-PLD1), and at 54 mm (for phospho-EGFR) from the BDF ( see Note 7 ).
6. The gel pieces outside the strips are discarded.
7. The first plate with prepared multiple gel strips is covered with a sheet of moistened filter paper [covering filter paper (CFP)] and placed on the bench top. Similarly, the second gel is cut, covered with another sheet of moistened CFP and placed next to the previously laid plate on the bench top. Repeat above procedure with the rest of the gels.
During this step, the gel strips that are derived from different gels, are assembled onto a single sheet of filter paper [assembling filter paper (AFP)] for the subsequent electrophoretic protein transfer onto the same piece of nitrocellulose membrane ( see Note 8 ). The strategy of assembly depends on the quantity of gels used as well on the number of analyzable proteins per lane (i.e., the number of precut gel strips comprising of appropriate zones). Here we provide two exemplar cases of gel strip assembly: (a) When six gels (A, B, C, D, E, and F) are run and five proteins of interest from each sample (e.g., phospho-EGFR from zone (1), phospho-GAB1 migrating between zones (2) and (3), phospho-SHP2 from zone (4), phospho-ERK1/2 from zone (5) and Grb2 as house-keeping protein, which migrates between zones (6) and (7)) are subsequently detected under equal conditions. Guidance for cutting of one out of six gels is provided in left panel of Fig. 3 (b) When three gels (A, B, and C) are run and four proteins from each sample (phospho-IRS1 from zone (1), phospho-IR from Fig. 3 . Example of single gel cutting into five ( left panel ) or four ( right panel ) strips containing distinct protein zones. The strips will be subsequently transferred onto assembling filter papers together with similar strips derived from other gels .
Assembly of Gel Strips
zone (3), phospho-Akt from zone (3) and GAPDH as housekeeping protein, which migrates between zones (5) and (6)) are analyzed. Guidance for cutting of one out of three gels is provided in right panel of Fig. 3 1. In case (a), the plate containing gel A strips is flipped and gently lifted so that all strips would stick to the moistened CFP. Use gel knife if the strips do not independently detach from the plate.
2. The first gel strip from the top (possessing zone (1) proteins) is lifted with a gloved hand and carefully transferred onto the AFP #1. The CFP with remaining gel strips is returned onto the plate by flipping it back.
3. Similarly, top gel strips derived from gels B to F are sequentially transferred onto the AFP #1 so that the strips would lay side by side and parallel to each other. AFP #1 is now ready for immediate protein transfer ( see Note 9 ).
4. Steps 1-3 are repeated with the strips derived from gels A to F that possess the proteins migrating in zones (2), (3) then (4), (5) and finally (6), (7). This procedure will yield five AFPs (AFP #1 through #5) with collected six gel strips on each ( Fig. 4A ). Now they are ready for electrophoretic protein transfer onto the same membrane.
5. In case (b), steps 1-2 are performed with gel A, followed by sequential transfer of gel strips derived from gel B and gel C onto the AFP #1. Then, gel strips that contain the proteins migrating in zone (3) are sequentially placed onto the AFP #1 below previously laid triplet of strips as shown in left panel of Fig. 4B . Leave a small gap between triplets.
6. AFP #2 is processed in the same manner so that it would contain triplet of strips with proteins migrating in zone (4) and triplet of strips with zones (5) and (6) ( Fig. 4B , right panel). After protein transfer, the resulting nitrocellulose membrane is cut into two pieces across the gap between triplets. The pieces are then treated in separate dishes ( see Note 10 ).
Instructions provided below assume the use of XCell II Blot module that is used for protein transfer from one AFP: 1. One side of assembly tray is filled with 500 mL of setup buffer, while another side -with 400 mL of transfer buffer.
2. Four sponge pads are presoaked in setup buffer. Remove air bubbles by squeezing the pads while they are submerged in buffer. A nitrocellulose membrane is cut to the dimensions of AFP and presoaked in transfer buffer for 5 min before using. Three additional sheets of filter paper are briefly moistened in setup buffer immediately before using.
3. Two soaked sponge pads are placed into the cathode (−) core of the blot module and covered with one sheet of moistened filter paper. The AFP with collected gel strips is placed on the top. Subsequently, the surface of gel strips is covered with a sheet of nitrocellulose membrane. Remove any trapped air bubbles by rolling a blotting roller over the membrane surface. Two moistened filters are then placed onto the surface of the membrane followed by tandem of soaked sponge pads ( see Note 11 ).
4. The anode (+) core is placed on the top of the pads. Slide the blot module into the rails on the lower chamber. Lock the gel tension lever. Five strips were cut out of each gel and combined onto appropriate assembling filter papers (AFP, #1 through #5).
(B ) SDS-PAGE of three gels (A through C) was performed. Four strips were cut out of each gel and combined onto two assembling filter papers (AFP #1 and #2) .
5. The blot module is filled with transfer buffer until the blotting sandwich is completely submerged. The outer chamber is filled with cold deionized water.
6. The unit is completely assembled by adding the lid on the buffer core, and connected to a power supply. The proteins are electrophoretically transferred at 30 V constant for 90 min.
7. After transfer is stopped, the nitrocellulose membrane is removed out of the blot module and placed into a square Petri dish. Used filter papers and gel strips are discarded.
8. After 3 min rinsing with deionized water, the membrane is incubated with 20 mL of blocking buffer for 1 h at RT on a rotating platform.
9. After the blocking buffer is discarded, the membrane is briefly rinsed with deionized water and blotted with appropriate primary antibody at dilution ratio as recommended by a manufacturer overnight at 4°C on a rotating platform ( see Note 12 ).
10. The membrane is extensively rinsed with deionized water and washed five times for 7 min each with TBST buffer at RT on a rotating platform.
11. The membrane is incubated with appropriate secondary antibody at dilution ratio as recommended by a manufacturer for 1 h at RT on a rotating platform followed by step 10 once again.
12. The membrane is incubated with a working solution of chemiluminescent reagent for 5 min and the signal is captured by Imaging system and quantified using KODAK Digital Science software ( see Note 13 ). To enable side-by-side comparison, the capture time and number of frames should be equal for each separately exposed membrane.
1. Laemmli instead of LDS sample buffer can be used with appropriate running and transfer buffers. Electrophoresis can be performed under reducing as well as nonreducing conditions.
2. Choose the type of apparatus for electrophoresis and protein transfer according to the size of your gels (e.g., mini-, midi-, or maxi-gels).
3. This protocol can be adapted for gels of any percentage, composition, size, and with any number of wells.
4. If desired, PVDF or nylon membranes can be also used.
5. The samples to be loaded can be different or repetitive.
Notes
6. The table is designed to track the statistics of marker migration in the gel of selected percentage. In addition, different tables can be created according to the marker type used. The statistics is required for successive Multistrip western blotting procedures if one needs to cut out the gel strip with the protein of interest (with known molecular weight), but no prestained marker has been loaded.
7. If a protein of interest migrates in an intersection of marker-defined zones (e.g., 100 kDa GAB1, which migrates between zones (2) and (3); 25 kDa Grb2, which migrates between zones (6) and (7); 74 kDa c-Raf, which migrates very close to the zone (3); etc.), the cutting area must include both zones or at least should be wider. For example, Shc protein has three isoforms of 46 kDa, 52 kDa, and 66 kDa migrating in the zones (4) and (5), so it can be separated from the proteins that lay in the zone (3) (e.g., p85, a regulatory subunit of PI3K) and between zones (6) and (7) (e.g., GRB2) by cutting the gel into three strips at 9, 22, 38, and 49 mm ( see Table 1 ).
8. The maximal number of gel strips that can be combined onto a single AFP depends on the overall dimension of the transfer unit, hence on the size (height and width) of AFP. Routinely we use 7 × 10 cm filter, which provides space for maximum of 12 gel strips of 0.6 cm height each. However, regularly we place fewer amounts of gel strips (e.g., six), especially when they are wider and/or the membrane should be cut into two or more pieces after electrophoretic protein transfer.
9. If some pauses occur, regularly wet the surface of gel strips by dropping deionized water.
10. Alternatively, the whole piece of nitrocellulose membrane can be treated with blocking reagent and then incubated with the mixture of primary antibodies (be sure that they do not cross-react) in a single dish.
11. The pads should rise at least 0.5 cm over the rim of the cathode core. If not, place an additional filter paper or a sponge pad in the tank.
12. The primary antibodies can be collected into the tube and reused several times if supplemented with 0.1% sodium azide. If precipitation occurs, filter the solution through 0.22-m m filter unit.
13. The chemiluminescent signal can be visualized by another imaging instrument and quantified using an appropriate software. Alternatively, the signal can be captured on the film followed by densitometric quantification.
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